Proximity-based biotinylation combined with mass spectrometry has emerged as a powerful approach to study protein interaction networks and protein subcellular compartmentation. However, low kinetics and the requirement of toxic chemicals limit the broad utilisation of current proximity labelling methods in living organisms.
Introduction
Affinity purification coupled with mass spectrometry (AP-MS) has been a powerful approach to identify the interaction network for organelles or protein complexes (Dunham et al., 2012; Gingras and Raught, 2012) . However, AP-MS shares some important limitations in the detection of weak/transient interactions, especially in insoluble subcellular compartments, such as membrane, chromatin, nuclear lamina or the cytoskeleton (Gingras et al., 2019; Lambert et al., 2015; Qi and Katagiri, 2009; Van Leene et al., 2007) .
The recent development of proximity-dependent labelling methods has overcome some of these deficiencies. Proximity-dependent labelling approaches are utilised by fusing a promiscuous mutant E. coli biotin ligase BirAR118G (BioID) to a protein of interest (bait), which allows biotinylation of neighboring and interacting proteins in the presence of biotin (Choi- Rhee et al., 2004; Cronan, 2005; Roux et al., 2012) . Thus, biotinylated proteins are selectively captured by streptavidin-based affinity purification and subsequently identified by mass spectrometry. Because of strong covalent modifications and proteins' labelling are executed in the native cellular environment, BioID-based proximity labelling tools enable the identification of weak interacting networks and allow the utilisation of insoluble protein compartments (Gupta et al., 2015; Kim et al., 2014; . However, the BioID labelling system is a slow kinetic process, which necessitates labelling with biotin for 18-24 h to produce sufficient biotinylated materials for proteomics analysis (Uezu et al., 2016; Youn et al., 2018) .
Ascorbate peroxidase (APEX), a developed proximity labelling ligase in 2013, is characterised by a rapid labelling time (1 min or less) and subsequent generation of a snapshot of proximal proteins, and thus, it enables the identification even of components that interact transiently (Lam et al., 2015; Rhee et al., 2013) . APEX has been successfully utilised in the characterization of the proteomes of the mitochondrial matrix, the primary cilium, and the ER-plasma membrane junctions, as well as in the composition profiling of the lipid droplet (Bersuker et al., 2018; Hung et al., 2017; Jing et al., 2015; Mick et al., 2015) . However, utilisation of toxic H2O2 during labelling and high endogenous peroxidase activity limit APEX broad application on living samples and plants (Hung et al., 2016; .
More recently, Branon et al. directly evolved the E. coli biotin ligase
BirA using yeast display and generated two promiscuous labelling variants, TurboID and miniTurbo, which enable sufficient proximity labelling in just 10 min with the use of non-toxic biotin (Branon et al., 2018) . TurboID and miniTurbo have been demonstrated to probe different organellar proteomes in HEK cells (Branon et al., 2018) .
Because of the high labelling efficiency and lower temperature requirement, TurboID and miniTurbo have been utilised to profile interaction networks in S. pombe, N. benthamiana, and Arabidopsis (Larochelle et al., 2019; Mair et al., 2019; .
Branon et al. also used the proximity labelling ability of TurboID and miniTurbo in Drosophila and C. elegans systems but without fusing any bait proteins to capture neighboring proteins (Branon et al., 2018) .
Here, we applied TurboID-mediated proximity labelling in a wide variety of developmental stages and tissues in Drosophila. Using a cell-specific GAL4 driver, we also verified that TurboID can biotinylate the bait proteins, thus, making possible the identification of protein-protein interactions in individual cells. For the proof-ofprinciple, we used the TurboID labelling to analyse the proximate proteome of the cytoophidium, a newly identified filamentous structure containing the metabolic enzyme CTP synthase (CTPS).
We show that by utilising TurboID-mediated biotinylation coupled with mass spectrometry, known CTPS-interacting proteins in Drosophila could be recovered. Our results suggest that TurboID is a feasible tool which can be used to characterise the proximate proteome of subcellular compartments in Drosophila.
Results and Discussion

TurboID-mediated protein biotinylation in Drosophila
The two promiscuous variants TurboID and miniTurbo, have been reported to biotinylate proteins in the presence of biotin in mammalian cells, C. elegans, N. benthamiana and A. thaliana (Branon et al., 2018; Mair et al., 2019) . To map the proteome of CTPS cytoophidium in Drosophila, the initial concern we had to address was that the filamentous structures of CTPS should not be affected under recombinant expression with TurboID or miniTurbo (hereafter called TbID or miniTb).
Firstly, we checked for any conformational changes on CTPS cytoophidia by fusing TbID or miniTb containing V5 tag to the Cterminal of CTPS followed by transfection into Drosophila cultured S2 cells. Immunofluorescence results showed that CTPS retained its filamentous structures with TbID, while the conformation of CTPS tagged with miniTb became irregular and filaments were disrupted ( Fig 2A) . Branon et al. reported that miniTb is less stable than TbID likely due to removal of its N-terminal domain (Branon et al., 2018) , which may explain that miniTb disrupted CTPS filamentous structures in Drosophila cultured cells. Considering the effects on CTPS cytoophidium conformation, we chose TbID as a promiscuous enzyme in our study.
To demonstrate TbID proximate labelling feasibility of CTPS in Drosophila, we initially generated UAS-CTPS-TbID and UAS-CTPS-mCherry transgenic flies, containing V5 tag at C-terminal of CTPS;, here, UAS-CTPS-mCherry served as a control group ( Fig  1B) . We then examined TbID wider application in all growth stages in Drosophila, and, to do so , we used da-GAL4 to drive CTPS-TbID and CTPS-mCherry ubiquitous expression. Flies, raised on either biotin-containing food or regular food from early embryo stages to larvae, pupae or adulthood, were collected and lysed. Streptavidin-HRP blotting results indicated that TbID biotinylated proteins in a wide variety of developmental stages in the presence of biotin, while no obvious labelling signals were detectable in any stages in CTPS-mCherry group ( Fig 2B) .
A previous study reported that CTPS cytoophidia exist in multiple tissues in Drosophila, such as brain, gut, testis, accessory gland, salivary gland and ovary (Liu, 2010) . Based on that, we then dissected some tissues from adult flies in which CTPS-TbID and CTPS-mCherry were expressed via da-GAL4 driver. Westernblotting results using streptavidin-HRP revealed that TbID is extensively biotinylatilated in heads, ovaries, and testes, whereas no biotinylated proteins were detected in the control group ( Fig 2D and Supplementary Fig. 1 ). Recently, Shinoda et al. knocked TbID into the C-terminal domain of caspase proteins' gene loci by utilising CRISPR/Cas9 technology and labeled potential neighboring proteins in wings (Shinoda et al., 2019) . In agreement with these studies, our results show that TbID can be used to label bait proteins in a wide range of developmental stages and tissues in Drosophila.
TurboID labelling in Drosophila specific cells
After verifying the general applicability of TbID to proximity labelling in Drosophila, we wanted to further test whether TbID could biotinylate bait proteins and characterize local proteomes in individual cell types in Drosophila. A typical ovary in adult flies contains 16 ovarioles, each being tipped with the germarium which is followed by the growing egg chambers (Liu, 2010; Spradling, 1993) . Each egg chamber includes three major cell types: one oocyte, 15 nurse cells and hundreds of follicle cells (Spradling, 1993) . CTPS has been reported to form filaments in all three major cell types in ovaries (Liu, 2010) . UAS-Gal4 is the most commonly used system for ectopic expression in Drosophila, and it can control the direct expression of genes of interest spatially and temporally, resulting in the desired expression pattern (White-Cooper, 2012).
Here we used nanos-GAL4, a driver controlling gene expression in germline stem cells and spermatogonia, to achieve CTPS direct expression in nurse cells and oocytes, but not in follicle cells in ovaries. We then dissected ovaries from 14-day old flies grown on biotin-containing food. Using anti-V5 antibody, we found that CTPS-mCherry and CTPS-TbID were both expressed and formed long and curved filamentous structures in nurse cells, whereas they did not in surrounding follicle cells, as expected ( Fig 2C) . The morphology of CTPS cytoophidia in nurse cells was similar to previous studies (Gitai et al., 2013) .
In CTPS-mCherry group, no obvious labelling signals were detected after staining with streptavidin-AlexaFluor488 ( Fig 2C) . In contrast, in the case of CTPS-TbID, immunofluorescence images revealed that the biotinylated proteins are characterised by extensive signals and form patterns almost identical to CTPS cytoophidia ( Fig 2C) , indicating that the proteins in the vicinity of CTPS were preferentially biotinylated by TbID. Thus, our study shows that the TbID-based proximity system can be successfully used in labelling proteins of interest in desired cells using a cell-type-specific driver in Drosophila.
Biotinylation of cytoophidia enabled by TurboID
CTP synthase is an essential enzyme that catalyzes the de novo formation of CTP from UTP and ATP using glutamate as nitrogen source (Levitzki et al., 1971) . The enzyme consists of an N-terminal synthetase/amidoligase (ALase) domain that binds ATP and UTP, a helical interdomain linker and a C-terminal glutamine aminotransferase (GATase) domain (Endrizzi et al., 2004; Goto et al., 2004) . The purified human CTP synthase 1 (hCTPS1) has been reported to polymerize to form filaments in the presence of UTP and ATP substrates, but not in the presence of CTP and ADP products, and filamentous structures of hCTPS1 have been shown to be formed by stacked tetramers (Lynch et al., 2017) . A single histidine mutation on the tetramerization interface, H355A, renders hCTPS1 unable to polymerize into filaments in the presence of substrates (Lynch et al., 2017) . Sun et al. have confirmed that the mutation H355A on mouse CTP synthase 1 (mCTPS1) also disrupts mCTPS1 assembly in mammalian cells (Sun and Liu, 2019a) .
In order to characterize the proteome of CTPS cytoophidium, we worked in parallel with two distinct groups: CTPS formed filamentous structures in one group, while CTPS cytoophidia were disrupted in the control group. We aligned the protein sequences among drosophila CTPS (dCTPS), hCTPS1 and mCTPS1, and found that the identity of dCTPS to hCTPS1 and mCTPS1 was 65.66% and 66.16%, respectively ( Supplementary Fig. 2 ). The alignment result showed that the amino acid histidine 355 (H355) was conserved among hCTPS1, mCTPS1 and dCTPS ( Fig 3A) .
To detect whether H355A mutation impedes CTPS cytoophidium assembly in Drosophila, we generated a UAS-CTPS H355A -TbID transgenic fly by fusing a V5 tag at its C-terminal ( Fig 1A) . CTPS-TbID and CTPS H355A -TbID were both expressed by da-GAL4 driver, and ovaries from adult flies were used to examine the conformation of CTPS. Immunofluorescence results revealed that wild type CTPS formed long and curved filaments in follicle cells, while mutant CTPS showed a completely diffused distribution in cells ( Fig 3B) . These results indicated that H355A mutant disrupts CTPS polymerization in Drosophila follicle cells, providing an ideal control to characterize the neighboring proteome for CTPS cytoophidium. In order to reduce the background and contamination generated during sample preparation for mass spectrometry (MS) analysis, and considering that ovary serves as a classical research tool in Drosophila, we decided to use ovaries as models to identify the proteome of CTPS cytoophidium, rather than using whole flies.
Next, we explored the biotinylation of normal and disrupted CTPS cytoophidia mediated by TbID in ovaries. We expressed CTPS-TbID and CTPS H355A -TbID via da-GAL4 driver and dissected adult flies, grown on either biotin-containing food or regular food since the early embryo stages. V5 Western blotting results revealed a normal expression for the wild type and mutant CTPS in follicle cells ( Fig   3C) . Biotinylated proteins were detected using streptavidin-cy3 and immunofluorescence analysis showed extensive labelling signals for TbID, in the presence of biotin. Furthermore, we found that the biotinylated proteins had similar distribution patterns to the wild type, or disrupted cytoophidia, which suggested that the proximate proteins of CTPS-TbID/CTPS H355A -TbID were easily biotinylated ( Fig 3C) . In the absence of exogenous biotin, some weak labelling signals were also detected by streptavidin-cy3 ( Fig 3C) , which was expected because TbID has great efficiency and consumes endogenous biotin in cells in order to function, as was reported in previous studies (Branon et al., 2018; Larochelle et al., 2019) .
Additionally, using streptavidin-HRP blotting, we further confirmed that the neighboring proteins of CTPS and CTPS H355A were biotinylatedby TbID ( Fig 3D) .
TurboID-mediated CTPS cytoophidium proximate proteome
To characterize the proteome of CTPS cytoophidium dependent on TbID biotinylation in Drosophila, we expressed CTPS-TbID and CTPS H355A -TbID ubiquitously by da-GAL4 driver. Then, about 60 ovaries from 14-day old flies raised on biotin-containing food were collected, ground, and lysed. Biotinylated proteins were captured with streptavidin beads and subjected to on-bead trypsin digestion to generate peptides for analysis by mass spectrometry (MS). The three biological replicates for each group demonstrated good reproducibility, and showed a good correlation ( Fig 4A) .
Then, we analyzed the biotinylated proteins adjacent to CTPS-TbID or CTPS H355A -TbID by hierarchical clustering, and our results revealed the differences among the proteome between normal CTPS cytoophidium and disrupted cytoophidium groups (Fig 4B) . To assess the relative abundance of the characterized proteins, we analyzed MS/MS counts plotted against the protein sequence coverage (percentage of amino acid of a protein characterized by MS) by calculating the counts of all peptides matching to a specific protein (Larochelle et al., 2019; Schwanhausser et al., 2011) . In addition to CTP synthase, another two known CTPS-interacting proteins (awd, ras) were found in our assay, and, as expected, CTPsyn was determined as a top hit ( Fig 4C) .
By differential expression analysis of the biotinylated proteins in two groups, we found that there were 207 proteins which overlapped, while 84 proteins were enriched in the vicinity of cytoophidium location. However, 11 proteins resided adjacently to the disrupted cytoophidium ( Fig 4D, Supplementary Fig. 3 ). The enrichment of each protein, ranked by their fold change, is presented in Fig. 5A .
We found that the subunits eIF-3p66, eIF3-S8, eIF3-S10, eIF-3p40 of the eukaryotic translation initiation factor 3 (eIF3), are enriched in the CTPS cytoophidium vicinity. Subunits of eIF2/2B complexes have been found to form filamentous structures in budding yeast (Noree et al., 2010; Shen et al., 2016) . Our results raised the question of whether the subunits of eIF3, as the orthologs of eIF2/2B, form filamentous structures in Drosophila or whether they affect the assembly of CTPS cytoophidium. This gives us a direction towards a comprehensive investigation of intracellular compartments of metabolic enzymes and their proximate proteome.
Subsequently, we further categorized the enriched proteins of CTPS cytoophidium after performing gene ontology (GO) analysis. Several groups were overrepresented based on their biological process, including cytoplasmic translation, ribosome assembly, organelle assembly, ribonucleoprotein complex assembly, and ribosomal large subunit assembly ( Fig 5B) . Additionally, GO analysis revealed significant enrichment of cellular components related to the ribosomal subunit, cytosolic part, actin cytoskeleton, actin filament, supramolecular fiber, supramolecular polymer and supramolecular complex ( Fig 5C) . A previous study showed that CTPS functionally interacts with the intermediate filament, crescentin (CreS) to regulate cellular curvature in bacteria (Ingerson-Mahar et al., 2010) .
Here we identified some proteins, such as Act57B and Act5C, which serve as components of supramolecular fiber/polymer or polymeric cytoskeletal fiber. Whether Act57B and Act5C are involved in the synthesis of CTPS cytoophidium or they cooperate with CTPS to regulate cellular homeostasis has never been shown in Drosophila.
Furthermore, enriched molecular functions included major clusters, such as the ones related to mRNA binding, actin binding, and cytoskeletal protein binding ( Supplementary Fig. 4) . In our study, we characterized the proteome of CTPS cytoophidium, providing a reference for future exploration of potential cellular functions of CTPS compartmentation, coordinated with its neighboring proteins.
Here, we demonstrate the feasibility of TurboID-mediated labelling in a wide range of developmental stages, tissues and specific cells in Drosophila. We utilised TurboID-mediated labelling, as a proof-ofprinciple, for studying the proteome of CTPS cytoophidia. Our study describes a feasible approach to explore the proximate proteins and cellular functions of subcellular compartments of metabolic enzymes in vivo. 
Materials and Methods
Construction of plasmids
Protein Extraction and Western blotting
To extract proteins from flies of different developmental stages, larvae, pupae, and adult flies were collected and frozen with liquid nitrogen for 1 min. For protein extraction from different tissues, the tissues were dissected in Graces Insect Med Sup (Life) and then were frozen with liquid nitrogen for 1 min. Samples were prepared with RIPA lysis buffer and 1X protease inhibitor cocktail (Bimake) and then ground for 10 min. Following 20 min incubation on ice, samples were centrifuged at 13,000 rpm at 4 ℃ for 30 min. The supernatants were collected and boiled with 1X protein loading buffer at 95 ℃ for 10 min. Lysates were separated by 4-20% SDS-PAGE gels, followed by transferring to PVDF membranes (Roche).
After blocking with 5% BSA in TBST for 1 hour, membranes were incubated with HRP-conjugated antibody (1:3000, Cell Signaling, Cat. # 3999s) for 1hour. After three times washing in TBST, biotinylated proteins were visualized using enhanced chemiluminescence system. To detect the recombination expression of ligase, blocked membranes were incubated with anti-V5 antibody (1:3000, Invitrogen) at 4 ℃ overnight. Following three washes in TBST, membranes were incubated with HRP-linked antimouse antibody (1:3000, Cell Signaling, Cat. # 7076s) for 1 hour.
Then,membranes were washed with TBST three times, before ligase expression was visualised by enhanced chemiluminescence system.
Mass spectrometry sample preparation
About 60 ovaries from 14-day old adult flies grown on 100 μM biotincontaining food were dissected, then fixed with 4% (v/v) paraformaldehyde in PBS for 20 min, followed by washing with cold PBS one time, and then incubated with 1 ml lysis buffer at 4 °C. After shaking for 1 h, the lysate was spun down at 4 °C for 10 min. The 
Mass spectrometry data analysis
The UniProt Drosophila melanogaster protein database (Proteome ID: UP000000803), and database for proteomics contaminants from clusterProfiler software was used to obtain enriched GO terms corresponding to biological processes (BP), cellular components (CC), and molecular functions (MF) (Yu et al., 2012) . Only those categories with p-adjust lower than 0.05 were considered to be reliable. Previously reported CTPS-interacting proteins were obtained from STRING database (https://string-db.org). p-value lower than 0.001 is shown.
Figures and figure legends
